Abstract-In this letter, we consider a multi-relay network operating in decode-and-forward mode. We propose a novel relay selection method with a low implementation complexity. Unlike the competing schemes, it requires neither error detection methods at relay nodes nor feedback information at the source. We derive a closed-form symbol error rate (SER) expression for multi-relay network under consideration and demonstrate that the proposed selection method is able to extract the full diversity. Extensive Monte Carlo simulations are also presented to confirm the derived SER expressions and to compare the performance of the proposed scheme with its competitors.
In contrast to earlier works which assume the participation of all relays, relay selection has emerged as a powerful technique with a higher throughput, because fewer time slots are required to complete transmission of one block. In [6] , Bletsas et al. have proposed a simple relay selection criterion for a multi-relay network. Their method first searches the set of relays which are able to decode successfully (i.e., practical implementation requires error detection such as CRC) and then chooses the "best" relay for transmission in relaying phase. Determination of the best relay depends either on the minimum or harmonic mean of source-to-relay and relayto-destination channel signal-to-noise ratios (SNRs). In [7] , Beres and Adve have proposed another selection criterion in which relay-to-destination link with the maximum SNR is chosen. In [8] , Ibrahim et al. have introduced a relay selection method based on the scaled harmonic mean of instantaneous source-to-relay and relay-to-destination channel SNRs. This close-loop scheme requires feedback of sourceto-relay and relay-to-destination CSIs to the source node so that power can be adjusted before transmission. An error rate performance analysis is further presented in [8] which is mainly restricted for a symmetrical case where relay nodes are located equidistant from the source. A recently proposed scheme by Yi and Kim [9] combines relay selection with C-MRC. They also consider link adaptive regeneration (LAR) [10] where decoded symbols at relay nodes are scaled in power before being forwarded to the destination. LAR method results in reduced signaling overhead as compared to C-MRC.
In this paper, we investigate the performance of a multirelay network with relay selection avoiding some restrictions and assumptions imposed in previous works. We propose a relay selection criterion based on an open-loop architecture. It does not require any feedback CSI unlike [8] which relies on power allocation by the source node through feedback information. It further does not require any error detection mechanism (e.g., CRC) at relay nodes in contrast to [6] , [7] . In our scheme, the destination node chooses the best relay based on the minimum of source-to-relay and relay-to-destination SNRs at the end of broadcasting phase and allows the selected relay to participate only if the minimum of its source-to-relay and relay-to-destination link SNRs is greater than SNR of the direct link. We derive closed-form symbol error rate (SER) performance expressions for the multi-relay network scenario with the proposed relay selection algorithm. In our analysis, we assume arbitrary relay locations, thereby avoiding the symmetrical scenario of [8] which is a simplifying assumption, yet somewhat impractical in real-life situations. Extensive Monte-Carlo simulations are also presented to collaborate on the analytical results.
The rest of the paper is organized as follows: In Section II, we describe the multi-relay cooperative network under 1536-1276/09$25.00 c 2009 IEEE consideration with DaF relaying and relay selection. In Section III, we derive SER for multi-relays with arbitrary locations. In Section IV, we present simulation results and finally, Section V concludes the paper.
Notation: E y (.) denotes expectation with respect to random variable y.
II. TRANSMISSION MODEL
We consider a multi-relay scenario with N relay nodes. Source, relay, and destination nodes operate in half-duplex mode and are equipped with single transmit and receive antennas. All the nodes are assumed to be located in a twodimensional plane where d SD , d SRi , and d RiD , i = 1, 2, ..., N denote the distances of source-to-destination (S→D), sourceto-relay (S→R i ), and relay-to-destination (R i →D) links respectively. We consider an aggregate channel model which takes into account both long-term path loss and short-term Rayleigh fading. The path loss is proportional to d −α where d is the propagation distance and α is path loss coefficient. Normalizing the path loss in S→D to be unity, the relative geometrical gains of S→R i and R i →D links are defined as
can be further related to each other by law of cosines, i.e., G
RiD cos θ i = 1, where θ i is the angle between lines S→R i and R i →D [11] . The fading coefficients for S→D, S→R i , and R i →D links are denoted by h SD , h SRi , and h RiD , respectively and are modeled as zeromean complex Gaussian random variables with unit variance leading to a Rayleigh fading channel model. Let x be a modulation symbol taken from an M-PSK (Phase Shift Keying) constellation. Considering path-loss effects, the received signals in the first time slot at destination and at ith relay nodes are given by
where P is the total transmit power shared by the source and relay nodes. K S is an optimization parameter for power allocation and denotes the fraction of power used by the source node in the broadcasting phase. For equal power allocation, K S = 0.5. The remaining power is reserved for relay transmission and power of the selected relay is controlled by another optimization parameter,
.., N can be found in [1] . In (1)- (2), n Ri and n D1 model the additive noise terms and are assumed to be complex Gaussian with zero mean and variance of N 0 . Let λ SD , λ SRi , and λ RiD denote the instantaneous SNRs in S→D, S→R i , and R i →D links respectively. In our scheme, the destination first chooses the best relay based on the following criterion
where "sel" denotes the index for the selected relay. Then, the destination node instructs the selected relay to participate in cooperation phase only if SNR in direct link is less than the minimum of the SNRs in the selected relaying path, i.e.,
Otherwise, the selected relay node will not participate in cooperation phase. If allowed to cooperate, the relay node performs demodulation 1 and transmits re-encoded symbolx in the second time slot. The signal received at destination node is therefore given by
where n D2 models the additive Gaussian noise term and
The destination node then combines the received signals given by (1) and (5) using MRC and decodes the symbol transmitted by source.
III. SER DERIVATION
In this section, we derive a SER expression for the proposed scheme.
T , a conditional SER expression can be given as
where
is the probability that the selected relay is not qualified to participate in cooperation phase and P coop = 1 − P n−coop is the probability of cooperation. P e|direct denotes the SER for direct S→D transmission and P e|coop denotes the SER when the cooperation takes place. If cooperation does not take place, the overall SER is simply equal to the SER of direct link and is given by P e|direct = β (λ SD ) where β(.) is given by [12] β (x) = 1 π
with g = sin 2 (π/M ). If cooperation takes place, we need to calculate P e|coop which is given by
where P e_sel = β (λ SR sel ) denotes the probability of the selected relay to make a decoding error. If the selected relay makes an incorrect decision, the corresponding conditional SER is calculated as
. In the calculation of P e|e_sel , we usex = ex to take into account for the error at the relay. We can actually approximate this probability by 1, because, under the assumption that relay is qualified for cooperation (i.e., λ max > λ SD ), an incorrect decision at destination is much more likely than a correct one. On the other hand, if the selected relay has decoded correctly, the SER is given by
Replacing all above related definitions in (6), we have
To find the unconditional SER, one needs to take an expectation of (9) with respect to λ. This is quite difficult and would probably not yield closed-form expressions. Therefore, we pursue an alternative approach here reformulating SER in terms of conditional probability density functions (pdfs) of λ max , λ SR sel , and λ R sel D (conditioned on the event that ith relay node is selected). Let ξ i , ξ C i , μ i , and μ C i denote the events λ max = λ SRi , λ max = λ RiD , λ SRi < λ RiD , and λ SRi > λ RiD respectively. Further, let Δ denote the set of permutations of 1, 2, .., N and Pr (σ) denote the probability of one particular permutation σ ∈ Δ. P e can be then calculated as
which can be further approximated as
where we define are provided in Appendix A, while calculations of
Using these results from Appendixes, we obtain the final SER expression given on the top of next page, where Ψ SRi (.) and Ψ RiD (.) are the MGFs of λ SRi and λ RiD , respectively and α η k = −g sin 2 η k , k = 1, 2, . In the above, operators
We conclude this section by demonstrating the achievable diversity of our scheme. Assuming BPSK, inserting η 1 = η 2 = π/2 2 , the resulting expression can be further approximated as
From (15), it can be readily confirmed that a diversity order of N + 1 is achieved.
IV. NUMERICAL RESULTS AND DISCUSSION In this section, we first verify the accuracy of derived SER expression through Monte-Carlo simulation. Then, we present performance comparisons between the proposed scheme and its competitors. We assume α = 2, θ i = π, and 4-PSK modulation in our simulation study. 2 The value of η 1 = π/2 gives an upper bound for the integral in (13) 
are the functions of sum and difference of integrals in the form of (13), (14) with different arguments. This makes the following result an approximation, not an upper or lower bound. In Fig.1 , we plot the SER expression given by (12) along with the simulation results. We assume equal power allocation, therefore have
We consider two, three, and four relays with the following geometrical gains:
• Two-relay network with G SRi /G RiD = −30, 0 dB.
• Three-relay network with G SRi /G RiD = −30, 0, 30 dB.
• Four-relay network with G SRi /G RiD = −30, 0, 30, −10 dB. As observed from Fig.1 , our approximate analytical expressions provide an identical match (within the thickness of the line) to the simulation results. It can be also observed that diversity orders of 3, 4, and 5 are extracted indicating the full diversity for the considered number of relays and confirming our earlier observation.
In Fig.2 , we compare the performance of our proposed DaF multi-relay scheme (using optimum power allocation results from [1] ) with other existing DaF schemes (optimized if available) in the literature. We assume two-relay network with both G SR1 /G R1D = 0dB and G SR2 /G R2D = 0dB. The competing schemes are listed as: • All relays participating with 16-bit CRC in a frame length of 1024 bits (AP-CRC), • Relay selection with static threshold (RS-STH) [8] , • Relay selection with link adaptive relaying (RS-LAR) [9] . The selection method used in RS-STH is based on the modified harmonic mean as described in [8] with optimized values of power allocation parameters. For RS-LAR, the selection criterion used is as described in [9] . In all other selection schemes, the relay selection criteria are based on (3). Table II summarizes implementation aspects of the competing cooperation schemes. Fig.2 illustrates the performance of above cooperation schemes for a channel block length of 512 symbols. AP scheme where both relays participate without any error detec-3 This is referred as "fixed relaying" in [4] . tion mechanism at relays performs the worst. For the considered relay location, it does not provide any diversity advantage. RS scheme outperforms AP and the later is not able to extract full diversity order. The use of CRC could potentially improve the performance of both AP and RS. As observed from Fig.2 , both schemes with CRC (i.e., AP-CRC and RS-CRC) take advantage of the full diversity and significantly outperform their counterparts without CRC. It should be noted that the implementation of RS-CRC requires maximum two time slots while AP-CRC might require more time slots (i.e., each relay with correct CRC needs an orthogonal time slot for transmission). RS-LAR performs better than two CRC-based schemes. RS-STH scheme where relay selection is performed with a static threshold is also able to outperform the RS-CRC and AP-CRC schemes and avoids the use for CRC in its implementation. Our proposed scheme outperforms all previous schemes. In Fig.3 , we repeat our simulation study to demonstrate frame error rate (FER) performance. Similar observations can be made for performance comparisons indicating the superiority of our scheme. Fig.4 illustrates the performance of the above schemes for a channel block length of 128 symbols. The performance of cooperative schemes which rely only on CSI (i.e., AP, RS, RS-STH, RS-LAR as well as the proposed scheme) remain unchanged. On the other hand, performance of schemes which rely also on the accuracy of decoding at relay nodes (i.e., AP- CRC, RS-CRC) demonstrates dependency on channel block length. Particularly CRC-assisted schemes suffer a significant degradation if channel varies within CRC frame. Compared to Fig.2 , we also observe from Fig.4 that the performance of AP-CRC now becomes better than that of RS-CRC.
As earlier mentioned, the proposed relay selection algorithm does not require any feedback information. It, however, requires CSI of S→R i links at the destination node. This requires transmission of h SRi from each relay to destination. Since the transfer of analog CSI requires to send an infinite number of bits, a control channel with limited number of feedforward bits can be used in practical implementation. To demonstrate the effect of quantization, we provide simulation results in Fig.5 where h SRi is quantized using 2, 3, 4, and 6 bits with a non-uniform quantizer optimized for Rayleigh distributed input [13] . It is observed from Fig. 5 that as low as 6 bits would be enough to obtain a good match to the ideal case. As a final note, we would like to point out that this feedforward channel can be also avoided if one prefers a distributed implementation of relay selection algorithm similar to [6] . The description of such an implementation can be found in [1] .
V. CONCLUSION
In this letter, we have proposed a simple relay selection method for multi-relay networks with DaF relaying. The proposed method avoids the use of error detection methods at relay nodes and does not require close-loop implementation with feedback information to the source. Its implementation however requires channel state information of source-to-relay channels at the destination. This can be easily done in practice through a feedforward channel from the relay to the destination. Our SER performance analysis has shown that the proposed relay-selection method is able to extract the full diversity. Our simulation results have further demonstrated the superior performance of the proposed scheme over its competitors.
VI. APPENDIX A
In this appendix, we calculate marginal pdf of λ max and joint pdf of λ SR sel and λ R sel D which are required to take expectation of (9) .
Let us define λ i = min(λ SRi , λ RiD ). Under the Rayleigh fading assumption, both λ SRi and λ RiD follow exponential distribution. Recall that Δ denotes the set of permutations of 1, 2, ..., N, P (σ) denotes the probability of one particular permutation σ ∈ Δ, and λ (i) denotes the ordered sequence of λ i s, i.e., λ (1) (N ) . It can be shown [14] that we can transform λ (i) s into a set of new conditionally independent variables V n such that
The joint pdf of V n is given by where
The above transformation of variables enables us to find the moment generating function (MGF) of variable λ max = λ (1) 
For probabilities of event ξ i and ξ C i , we first define Δ i ⊂ Δ as the set of all the permutations for which i is the first element. Then we have Pr (i = sel) = σ∈Δi Pr (σ), which denotes the probability of ith relay node being selected. Recall that μ i denotes the event of λ SRi < λ RiD and μ 
VII. APPENDIX B
In this appendix, we calculate Φ 0 ,Φ k and Φ C k , k = 1, 2 which appear in (11) . Noting λ SD follows an exponential distribution under the considered Rayleigh fading assumption, we have
Using the definition of β (.) from (7), we have
(18) where α η and F 1 {.} are earlier defined by (13) . Averaging over λ max yields 
A. Case I (Event ξ i )
From (9), we have T 1 = P (λ SD < λ max ) β (λ max ) for this event. Taking expectation with respect to λ SD , we have E λSD [T 1 ] = (1 − exp (−λ max Λ SD )) β (λ max ). Using the definition of β(.) and further taking expectation with respect to λ max , we obtain
On the other hand, T 2 is given as
First taking expectation with respect to λ SD and λ R sel D using pdf given by (16) and then averaging over λ max , we have (9), we have T 1 = P (λ SD < λ max ) β (λ SR sel ) for this event. Averaging over λ SD , we obtain E λSD [T 1 ] = (1 − exp (−λ max /Λ SD )) β (λ SR sel ). Using the definition of β(.) and taking expectations over λ SR sel and λ max , we obtain
On the other hand, we have
Inserting β(.) in T 2 , taking expectation of the resulting expression with respect to λ SR sel and λ max , we obtain (23).
